cated that Mo adsorption on calcium carbonate was low, reanalysis of their data indicated that adsorption on 
els: constant capacitance model (Motta and Miranda, 1989; Goldberg et al., 1996 Goldberg et al., , 1998 , triple layer model (Goldberg et al., 1998; Wu et al., 2001) , Stern variable M olybdenum is both a micronutrient essential for surface charge-variable surface potential model (Mcplant growth and a potentially toxic trace ele- Kenzie, 1983) , and CD-MUSIC model (Bourikas et al., ment, especially for grazing animals. Molybdenum defi-2001) . Parameters from empirical models are only valid ciencies have been reported for many agronomic crops for the conditions under which the experiment was conthroughout the world (Murphy and Walsh, 1972) . Moducted. Surface complexation models are chemical modlybdenum occurs in an anionic form that is readily taken els that utilize defined surface species, chemical reacup by forage plants and can accumulate to levels detritions, mass balances, and charge balances and contain mental to grazing ruminant animals (Reisenauer et al., molecular features that can be given thermodynamic 1973). Cattle grazing in some areas of the San Joaquin significance (Sposito, 1983) . Valley of California, especially on legumes, were found Chemical modeling of Mo adsorption at the mineralto be adversely affected by elevated soil Mo content solution interface has been successful using the constant mainly on alkaline soils (Barshad, 1948) . On the other capacitance model (Motta and Miranda, 1989 ; Goldberg hand, soils in northwest Oregon producing pastures with et al., 1996, 1998) and the triple layer model (Goldberg high Mo content are acid with a pH in the range of 4.4 et al., 1998) for oxides, clay minerals, and soils. In these to 5.3 (Kubota et al., 1967) . Legumes are efficient Mo studies, Mo adsorption was described as forming monoaccumulators, especially at high soil pH, whereas most dentate surface complexes. In the triple layer modeling grasses and grain crops do not accumulate Mo to toxic studies, Mo adsorption on Fe and Al oxides, kaolinite, levels (O'Connor et al., 2001) . Molybdenum exerts its illite, and two soils was best described by an innertoxic effect on grazing cattle by inducing a copper defisphere adsorption mechanism. Molybdenum adsorption ciency that is especially pronounced in the presence of on montmorillonite, on the other hand, was best desulfur. The adverse effects of high Mo can be mitigated scribed by an outer-sphere adsorption mechanism (Goldby Cu supplementation of the animals (O 'Connor et berg et al., 1998) . Molybdenum adsorption on titanium al., 2001). Careful quantification of soil solution Mo oxide was described with the CD-MUSIC model using concentrations and characterization of Mo adsorption a mixture of monodentate and bidentate surface comreactions on soil mineral surfaces is needed.
plexes (Bourikas et al., 2001 ).
Availability of Mo to plants is affected by a variety
Although it is chemically reasonable for the dominant of factors including soil solution pH, soil texture, soil solution species to be dominant on the exchange commoisture, temperature, oxide content, organic matter plex, there is no necessary 1:1 correspondence between content, and clay mineralogy (Reisenauer et al., 1973) .
solution and surface species (Sposito, 1983) . The domiMolybdenum becomes more available with increasing nant Mo species in solution is MoO 2Ϫ 4 over most of the solution pH. The dominant Mo adsorbing surfaces in pH range: pK a1 ϭ 4.00, pK a2 ϭ 4.24 (Lindsay, 1979) . soil are oxides, clay minerals, and organic matter (GoldAttenuated total reflectance Fourier transform infraberg et al., 1996). Although Goldberg et al. (1996) hydroxide (Goldberg et al., 1998 (Barshad, 1948 stants calculated from soil chemical properties. The charge balance is: mass. Five grams of soil were added to 50-mL polypropylene centrifuge tubes and equilibrated with 25 mL of a 0.1 M NaCl
[9]
solution for 20 h on a reciprocating shaker. This solution contained 0.292 mmol L Ϫ1 Mo and had been adjusted to the where has units of mol c L
Ϫ1
. desired pH range of 3 to 10 with 1 M HCl or 1 M NaOH.
The computer program FITEQL 3.2 (Herbelin and Westall, Acid or base additions changed the total volumes by Ͻ2%.
1996) was used to fit Mo surface complexation constants to the The Mo concentration was chosen to avoid the formation of experimental Mo adsorption data. The model uses a nonlinear Mo polymers in solution (Carpé ni, 1947) . This concentration least squares optimization routine to fit equilibrium constants was about three times the soluble soil Mo in alkaline soils to experimental data. The FITEQL program contains the conwhere cattle were adversely affected by Mo (Barshad, 1948) . stant capacitance model of adsorption. It can also be used Ion activity product calculations by MINEQLϩ (Schecher and to predict chemical speciation using previously determined McAvoy, 1998) verified that the supernatants were undersatuequilibrium constants. Surface complexation constants for morated with respect to MoO 3 . After reaction, the samples were nodentate and bidentate Mo species were determined in sepacentrifuged and the decantates analyzed for pH, filtered, and rate optimizations. analyzed for Mo concentration by ICP emission spectrometry.
Input parameter values for the constant capacitance model A detailed discussion of the theory and assumptions of the were: capacitance: C ϭ 1.06 F m Ϫ2 (considered optimum for constant capacitance model is given in Goldberg (1992) . In Al oxide by Westall and Hohl, 1980) , protonation constant: the present application of the constant capacitance model to logK ϩ ϭ 7.35, dissociation constant: logK Ϫ ϭ Ϫ8.95 (averages Mo adsorption, protonation and dissociation reactions were of a literature compilation for crystalline and amorphous Al analogous to those used to describe Mo adsorption on oxides, and Fe oxides from Goldberg and Sposito, 1984) , total number clay minerals, and soils (Goldberg et al., 1996) . The following of reactive surface hydroxyl groups: Ns ϭ 2.31 sites nm Ϫ2 surface complexation reactions were considered for Mo ad-(recommended for natural materials by Davis and Kent, 1990) . sorption:
A previous sensitivity analysis showed that changes in capacitance from 1.06 to 4.52 F m Ϫ2 produced minor changes in the
values of the surface complexation constants for phosphate adsorption (Goldberg and Sposito, 1984) . Surface complex-
ation modeling of Mo adsorption is sensitive to surface site density (Goldberg, 1991) . where F is the Faraday constant (C mol Ϫ1 c ), is the surface potential (V ), R is the molar gas constant (J mol Ϫ1 K Ϫ1 ), T is the absolute temperature (K), and square brackets indicate concentrations (mol L Ϫ1 ). The exponential term can be considered as a solid-phase activity coefficient correcting for the charge on the surface complexes.
Mass balance for the reactive surface functional group is: where [SOH] T is related to the surface site density, N s , by: 
RESULTS AND DISCUSSION
of the constant capacitance model to describe Mo adMolybdenum adsorption as a function of solution pH sorption on five soils is shown in Fig. 1 Fig. 1-5 ). Molybdenum adsorption was optimizing the monodentate constant, logK 1 Mo (int); model maximal in the pH range 2 to 5, decreased rapidly with fits resulting from optimizing the bidentate constant, increasing pH from pH 5 to 8, and was minimal above logK 3 Mo (int), are indicated in Fig. 1b, 2b , 3b, 4b, and 5b. pH 9.
For both surface configurations, the model provided a The constant capacitance model was fit to the Mo quantitative description of the adsorption data. While adsorption envelopes of all of the soil samples. Surface the quality of the fits for both types of surface complexes complexation constants for both monodentate and bideappeared similar, the standard errors associated with ntate surface configurations of adsorbed Mo were optithe monodentate constants were on average 3.5% larger mized in separate calculations. Although the model was than the standard errors associated with the bidentate able to optimize constant values for the negatively constants. This difference is statistically significant becharged monodentate Mo complex, logK 2 Mo (int), the low an alpha 0.0001 level, but is of little practical impormodel optimization was not significantly improved by tance. Fits obtained for the remaining 32 soils were of including this Mo surface species. Table 2 provides valsimilar quality to those depicted in Fig. 1-5 . ues of the optimized surface complexation constants, An exploratory data analysis on the first 32 soils of Table 1 revealed that one or both of the model surface ␥ 1 ϭ ␤ (0,1) ϩ ␤ (1,1) ln(CEC) ϩ ␤ (2,1) ln(%OC) ϩ complexation constants appeared to be linearly related ␤ (3,1) ln(%IOC) ϩ ␤ (4,1) ln(%Fe) ϩ ʦ 1 [12] to each of the log transformed chemical variables. Therefore, the following initial regression model was ␥ 2 ϭ ␤ (0,2) ϩ ␤ (1,2) ln(CEC) ϩ ␤ (2,2) ln(%OC) ϩ specified for both monodentate and bidentate chemical constants: Table 3 provides the final regression model summary statistics, parameter estimates, and standard errors for
[12] and [13] with respect to each chemical constant. analysis revealed no regression modeling violations or data outliers, and confirmed that the residual errors was reduced to: (Myers, 1986) . In a regression modeling frame%Fe, and %Al) constituted the highest values for the work, jack-knifing represents a technique where each 32 soil samples used to obtain the prediction equations. observation is sequentially set aside, the model is re-
The peaks in the fitted lines for this soil result because estimated (without use of this observation), and the settwo slightly different initial Mo concentrations were aside observation is then predicted from the remaining used. data via the reestimated model. This technique is useful To evaluate whether our prediction equations were for determining a more realistic assessment of the true applicable to acid soils, we determined Mo adsorption predictive capability of the fitted model (in the absence envelopes for four additional soils having native pH of an independent validation data set), in addition to values ranging between 4.1 and 5.2. Figures 5c and 5d highlighting data observations that are unduly influencpresent the ability of the regression equations to predict ing the parameter estimates (Myers, 1986) .
Mo adsorption on one of these four acid soils not used Jack-knifed estimates of each logK Table 2 . The genadsorption is comparable to that found for soils used eral excellent agreement between the ordinary predicto develop the prediction equations. This result repretions and these jack-knifed estimates suggests that the sents a completely independent evaluation of the ability reduced regression models should have good predictive of the constant capacitance model to predict Mo adcapabilities. The recalculated mean square error (MSE) sorption. estimates for the jack-knifed models (Eq. [12] and [13] )
Predictions of Mo adsorption were reasonable for were found to be 0.3342 and 0.2294. These estimates most of the soils on the basis of either monodentate are sufficiently close to the ordinary MSE estimates of or bidentate surface configurations. These predictions 0.2816 and 0.2521 produced by the logK 1 Mo (int) and were obtained independently of any experimental mealogK 3 Mo (int) equations to also suggest good predictive surement of Mo adsorption on these soils, from values ability and parameter stability.
of only a few easily measured (or otherwise available) Figures 1c, 2c, 3c , and 4c present the ability of the chemical parameters. The present study was carried out constant capacitance model to predict Mo adsorption at a constant initial Mo concentration. Thus, the effect from chemical properties for four of the soils using a of Mo loading remains to be investigated. Incorporation monodentate surface complex. Similar predictions using of these prediction equations into chemical speciationa bidentate surface complex are indicated in Fig. 1d, 2d , transport models should allow simulation of Mo concen3d, and 4d. For the Wyo soil, the model predictions trations in soil solution under diverse environmental ( Fig. 1c and 1d) were of equal quality to the model conditions. Future research will determine to what exfits ( Fig. 1a and 1b) as indicated by visual appearance. tent adequate simulations of Mo adsorption, release, Predictions for the Hesperia soil ( Fig. 2c and 2d) and and transport are possible without the necessity to perthe Fallbrook subsoil ( Fig. 3c and 3d) show deviations form time consuming, detailed studies for each soil. from the experimental data. The predictions for these Scenarios of agricultural and environmental interest intwo soils are the least quantitative of all the soils investiclude high Mo soils cropped to forages that may potengated. The prediction equations provide at least semitially pose a health hazard to ruminants grazing thereon. quantitative fits to the adsorption data for all soils. Deviations of model fits from experimental adsorption data ACKNOWLEDGMENTS at high pH especially above pH 8 are not considered serious since adsorption amounts to only a few percent Gratitude is expressed to Mr. H.S. Forster, Mr. C. Bennett, Mr. D. Leang, and Ms. K. Nguyen for technical assistance, of the maximum.
